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11  ABSTRACT 

12  Catalytic  pyrolysis  of  cellulose  was  carried  out  focusing  on  the  selective  production  of  the 

13  anhydrosugar  (lf?,5S)-l-hydroxy-3,6-dioxabibyclo[3.2.1]octan-2-one  (LAC),  a  promising  chiral 

14  chemical  for  application  in  organic  synthesis.  The  catalyst  Sn-MCM-41,  montmorillonite  K10  or 

15  aluminum  titanate  nanopowder  was  used  by  a  suitable  pyrolysis  reactor  perfonning  the  processes  at 

16  500  °C  and  350  °C.  After  a  workup  adapted  to  optimize  the  production  of  LAC  and  to  facilitate  the 

17  following  purification,  its  amount  in  the  produced  bio-oil  samples  was  established  by  ’HNMR 

18  spectroscopy  using  the  standard-addition  method.  A  further  quantitative  analysis  was  based  on  FT- 

19  IR  technique  performed  using  a  CaF2  liquid  cell  and  employing  the  calibration-curve  method.  Both 

20  the  methods,  which  do  not  require  any  pre-treatment  steps,  provided  comparable  values  (±1  %)  in 

21  terms  of  LAC  abundance  in  bio-oil  samples  and  validation  of  the  FT-IR  based  method  made  it  a 

22  rapid  and  efficient  tool  for  quantitative  LAC  detection  also  without  need  of  carbonyl  band 

23  deconvolution.  The  data  showed  that  i)  Sn-MCM-41  promoted  the  highest  LAC  production  by 

24  pyrolysis  at  500  °C  (7.6±0. 1  wt.%  from  cellulose),  with  a  lower  than  1%  decrease  in  the  presence  of 

25  this  catalyst  after  a  regeneration  cycle,  ii)  the  cheap  and  eco-friendly  montmorillonite  K10  emerged 

26  as  the  best  alternative,  with  a  yield  from  cellulose  of  4.8±0.1  wt.%  at  500  °C  and  4.6±0.1  wt.%  at 

27  350  °C. 

28 
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34 

35  l.Introduction 

36  Catalytic  pyrolysis  of  cellulose  is  an  extensively  investigated  process  for  the  production  of 

37  biofuels  and  chemicals  [1].  Among  the  most  commonly  obtained  anhydro-monosaccaride  products, 

38  some  of  them  (Fig.  1)  can  have  a  practical  relevance  as  chiral  building  blocks  in  the  production  of 

39  added-value  fine  chemicals  [2].  Recently,  a  particular  interest  has  been  focused  on  the 

40  hydroxy  lactone  LAC  [3],  used  in  the  synthesis  of  a  polyester  by  co-polymerization  with  L-lactide 

41  [4],  for  obtaining  anew  tetrahydrofurane  amino  acid  structurally  isosteric  to  the  dipeptide  alanine- 

42  glycine  [5]  and  as  a  promising  precursor  for  the  synthesis  of  enantiomerically  pure  compounds  with 

43  potential  application  in  drug  discovery  It  justifies  the  efforts  made  and  currently  attempt  in  the 

44  selective  production  of  LAC  enriched  bio-oil,  of  which  the  best  reported  results  are  given  by  using 

45  aluminium  titanate  (AlTi)  nanopowders  [3],  tin-containing  silica  molecular  sieves  (Sn-MCM-41) 

46  [6]  and  the  eco-friendly  and  cheap  montmorillonite  K10  (MK10)  [7]  as  solid  catalysts. 

47 

48  [Insert  here  Fig.  1] 

49 

50  The  most  common  qualitative  and  quantitative  analyses  for  chemical  characterization  of 

51  pyrolysis  bio-oils  are  based  on  the  combined  gas  chromatography-mass  spectrometry  (GC-MS)  and 

52  gas  chromatography-flame  ionization  detector  (GC-FID)  techniques,  although  GC  analysis  can  only 

53  detect  about  40  wt.%  of  pyrolysis  bio-oil  components.  Otherwise,  due  to  its  feature  to  analyze  also 

54  not  volatile  components,  liquid  chromatography  (LC)  is  applied  under  different  conditions 

55  depending  on  the  bio-oil  fractions  of  interest.  High-resolution  mass  spectrometry  (HRMS)  has  been 

56  also  adopted,  although  different  ionization  methods  could  be  necessary  also  for  a  single  class  of 

57  compounds  depending  from  their  polarity  [8]. 

58  Until  the  last  decade,  spectroscopic  methods  including  nuclear  magnetic  resonance  (NMR) 

59  and  Fourier  transform- infrared  spectroscopy  (FT-IR)  have  found  applications  mainly  restricted  to 

60  kinetic  studies  on  pyrolysis  mechanism  and  bio-oil  aging,  rather  than  for  composition  analysis  of 

61  bio-oils  themselves  [9,10].  The  recent  increased  number  of  employs  is  due  to  their  manageability 

62  and  ability  in  characterizing  almost  each  bio-oil  component  without  the  need  for  sample  pre- 

63  purification. 

64  In  the  FT-IR  analysis,  mid-infrared  (330CH-600  cm’1)  is  the  most  considered  region  of  the 

65  spectrum  since  it  allows  to  reveal  most  of  the  molecular  functional  groups  present  in  pyrolysis 

66  blends  such  acids,  esters,  ketones,  aldehydes,  ethers,  and  alcohols  [11].  Due  to  the  difficulty  in 

67  performing  quantitative  analysis  with  FT-IR  methods,  many  reports  have  focused  on  the  evaluation 

68  of  absorption  band  intensity  by  comparing  different  spectra  and  approximately  evaluate  the 

69  composition  change  of  a  blend  [12].  Nevertheless  analytical  methods  based  on  the  FT-IR 

70  quantification  have  been  reported  for  pyrolysis  carbonyl  products  using  liquid  cells  [11]  and  light 

71  gasses  where  thermogravimetric  (TG)-FTIR  resulted  a  reliable  method  for  quantitative 

72  measurements  of  thermal  decomposition  species  from  biomass  pyrolysis  [13]. 

73  NMR  spectroscopy  shows  advantages  in  the  investigation  of  bio-oils,  due  to  its  ability  to 

74  detect  all  the  components  dissolved  in  a  suitable  deuterated  solvent,  and  to  give  a  quantitative 

75  information  by  signal  integration  with  the  assistance  of  a  reference  compound.  A  series  of 

76  applications  were  reported  on  the  employment  of  quantitative  HNMR  and  CNMR  analysis,  for 

77  the  evaluation  of  anhydrosugars  [14]  and  carbonyl  compounds  [15]. 
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78  This  study  aims  to  upgrade  the  production  of  the  hydroxylactone  LAC  via  catalytic 

79  pyrolysis  of  cellulose  under  different  catalytic  conditions  and  temperature  values  by  using  a  detailed 

80  apparatus  and  an  optimized  workup  procedure.  Its  evaluation  in  bio-oils  has  been  established  by  a 

81  quantitative  NMR  method,  based  on  the  standard-addition  technique,  used  also  for  validating  a 

82  faster  approach  by  FT-IR  technique  in  solution. 

83  2.  Experimental 

84  2.1.  Materials 

85  Microcrystalline  cellulose  was  purchased  from  Merck  KGaA.  Levoglucosenone  (  =  (1S,5R)- 

86  6,8-dioxabicyclo[3.2.1]oct-2-en-4-one,  LGO),  5-(hydroxymethyl)-2-furaldehyde  (HMF),  2- 

87  furaldehyde  (furfural,  FF)  and  montmorillonite  K10  (Sigma  Aldrich),  titanium  alluminate  powder 

88  (Alfa  Aesar)  were  commercially  available  and  Sn-MCM-41  was  synthesized  according  to  a  reported 

89  method  [6].  All  catalysts  were  activated  in  muffle  at  550°C  for  six  hours  before  their  use. 

90  Regeneration  of  Sn-MCM-4 1  was  carried  out  by  calcination  of  the  exhaust  catalyst  in  a  muffle  at 

91  550  °C  for  six  hours.  Isopropanol  of  LC-MS-Chromasolv  grade  used  for  bio-oil  solutions  to  be 

92  analyzed  by  FT-IR  was  purchased  from  Fluka. 

93  2.2.  Off-line  pyrolysis  apparatus  and  procedure  for  bio-oil  production 

94  Catalytic  pyrolysis  reaction  was  performed  using  a  home-made  pyrolysis  reactor.  It  consists 

95  in  a  quartz  phial  fixed  on  a  stainless  steel  flange  in  which  two  stainless  steel  pipes  (internal  diameter 

96  4  mm)  connect  the  reactor,  toward  the  flange,  respectively  to  the  nitrogen  line  and  to  the 

97  condensation  apparatus  (Fig.  2).  A  porcelain  combustion  boat  containing  cellulose  (200  mg)  and  the 

98  catalyst  (200  mg  of  Sn-MCM-41  or  MK10,  or  66  mg  of  AlTi  [3])  were  inserted  into  the  reactor 

99  connected  to  a  tube  furnace  (Carbolite  CTF  22/65/550).  The  temperature  was  checked  within  the 

100  reaction  volume  by  a  thermocouple  thermometer  and  the  nitrogen  flow  was  regulated  by  a  Thorpe 

101  tube-flowmeter  (25  cm  min'  ).  The  condensation  apparatus  was  carried  out  by  a  bubbler  containing 

102  acetonitrile  (20  mL)  cooled  at  -35  °C  by  a  liquid  nitrogen  acetone  bath.  Catalytic  pyrolysis  was 

103  carried  out  at  350  °C  and  500  °C  for  5  minutes  reaction  time.  The  solvent  and  the  volatile 

104  components  of  bio-oil  were  removed  by  using  a  rotary  evaporator  (water  bath  at  60°C  and  vacuum 

105  at  30  mmHg).  This  light  fraction  was  analyzed  for  the  crude  bio-oil  from  Sn-MCM-41  catalyzed 

106  pyrolysis  at  500  °C.  It  did  not  contain  LAC  whereas  water  was  present  (as  established  by  ’HNMR 

107  analysis  in  CDCfi  and  IR  spectrum)  and  was  evaluated  as  12  wt.%  of  the  LAC  enriched  bio-oils;  the 

108  light  and  heavy  fractions  of  bio-oil  corresponded  to  a  yield  of  3.1  wt.%  and  28.1  wt.%  from 

109  cellulose,  respectively.  The  LAC  enriched  bio-oils  were  immediately  analyzed  by  the  suitable 

110  spectroscopic  techniques  and  subjected  to  work  up  for  LAC  purification. 

111 

112  [Insert  here  Fig.  2] 

113  2.3.  HPLC  purification  of  LAC 

114  LAC  was  purified  by  preparative  HPLC  technique  using  a  Hitachi  Merck  L-6200  apparatus 

115  equipped  with  a  250x10  mm  column  packed  with  Merck-Lichrosorb  CN  (7pm)  and  eluting  with 

116  hexane/isopropanol  9:1  with  a  5  mLmin"1  flow,  under  UV  detection  (Jasco  UV-975)  at  X  =  224  nm 

117  Evaporation  of  solvent  from  the  fraction  collected  at  retention  time  of  16.7  min  gave  LAC,  the 
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118  purity  of  which  was  confirmed  by  comparison  of  1 HNMR  spectrum  in  CDCfi  with  reported  data 

119  [3], 

120  2.4.  NMR  Analysis  of  bio-oils 

121  1  HNMR  spectra  were  recorded  on  a  Bruker  Avance  400  spectrometer  by  using  a  5  mm  BBI 

122  probe,  at  400  MHz  in  CDCfi,  5  values  are  in  ppm  relative  to  the  solvent  residual  signal  at  7.25  ppm, 

123  with  an  8  s  acquisition  time  averaged  on  32  transients.  Samples  for  1  HNMR  analysis  were  prepared 

124  by  solubilizing  the  filtrated  bio-oils  (1.2  mg)  in  CDCfi  (0.6  mL)  previously  treated  with  basic 

125  alumina  to  avoid  acidic  traces.  Four  following  rates  of  HPLC  purified  LAC  (10  pL  of  a  58.7  mM 

126  solution  in  CDCfi)  were  added  as  the  standard  for  detennining  its  amount  in  each  bio-oil.  After 

127  each  addition,  the  quantitative  evaluation  was  based  on  the  ratio  between  the  peak  area  of  the  LAC 

128  signal  at  4.295  ppm  (dd,  J=  1 1.8,  1.7  Hz,  1H,  H-4ax  [3],  integrated  in  the  range  4.272-^4.322  ppm), 

129  and  the  peak  area  of  the  signal  at  6.12  ppm  (d,  ,7  =  10.0  Hz,  H-3,  integrated  in  the  range  6.102-^6.143 

130  ppm),  previously  assigned  to  the  anhydrosugar  LGO  thanks  to  an  available  standard.  The  areas 

131  evaluations  were  perfonned  on  baseline-corrected  spectra,  repeating  the  measurements  five  times 

132  and  taking  into  account  the  average  values.  The  calibration  curve  was  reported  with  peak  areas  as  a 

133  function  of  LAC  molar  concentration  in  bio-oils.  The  quantification  of  LAC  was  performed  for  bio- 

134  oil  samples  obtained  by  500  °C  pyrolysis  processes  in  the  presence  of  Sn-MCM-41,  regenerated  Sn- 

135  MCM-41,  montmorillonite  K10  and  titanium  alluminate  nanopowder. 

136  2.5.  FT-IR  Analysis  of  bio-oils 

137  FT-IR  spectra  were  recorded  using  a  Bruker  Tensor  27/37  spectrometer  with  spectral 

138  resolution  of  4  cm  1  at  room  temperature.  Each  bio-oil  sample  was  analyzed  as  an  isopropanol 

139  solution  at  a  25  mg  mL'1  concentration,  loaded  in  a  CaF2  cell  (0.21  mm  path  length).  The 

140  corresponding  spectrum,  averaged  on  16  scans,  was  baseline-corrected  by  the  Opus-Bruker 

141  software.  The  calibration  curve  for  LAC  evaluation  was  obtained  by  recording  eight  spectra  of 

142  isopropanol  solutions  containing  known  concentrations  of  pure  LAC  in  the  range  2M00  mM.  The 

143  resulting  data  were  plotted  as  an  intensity/molar  concentration  graph. 

144  2.6.  DFT  calculated  IR  spectrum  of  LAC 

145  Starting  from  LAC  structure  generated  by  molecular  mechanics  software  PC  Model  7.0  [16], 

146  quantum  chemical  calculations  were  perfonned  on  a  Pentium  Quad  Core  PC  2.8  GHz  with  8  GB 

147  RAM  using  the  Gaussian  03  W  revision  E.01  package  program  set. [17]  Restricted  Density 

148  Functional  Theory  (DFT)  calculations  were  applied  for  geometry  optimization  in  methanol  using 

149  the  polarizable  continuum  model  (PCM)  and  invoking  gradient  geometry  optimization.  The  basis 

150  set  of  choice  was  6-31G(d,p)  for  all  the  atoms.  The  gradient-corrected  DFT  with  the  functional 

151  B1B95  [18]  was  used  for  the  calculation.  The  optimized  structural  parameters  were  employed  in  the 

152  vibrational  energy  calculations  at  the  DFT  levels  to  characterize  all  stationary  points  as  minima. 

153  Then,  vibrationally  averaged  nuclear  positions  were  adopted  for  harmonic  vibrational  energy 

154  calculations,  resulting  in  IR  wavenumbers  together  with  intensities  and  force  constants.  For  the 

155  optimized  structure,  no  imaginary  wavenumber  modes  were  obtained,  proving  that  a  local  minimum 

156  on  the  potential  energy  surface  was  actually  found.  The  Gaussian  checkpoint  files  were  converted 

157  using  the  freq  check  utility  in  the  Gaussian  program.  The  converted  files  were  then  used  to  view  the 
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158  animated  vibrational  motions  of  the  molecule  in  Gauss  View  3.0. For  the  theoretical  IR  spectrum,  a 

159  Lorentzian  line  shape  with  a  line  width  of  4.0  cm'was  used.  The  computed  wavenumbers  were 

160  scaled  by  factor  0.955,  which  is  suggested  for  BlB95/6-31G(d)  calculations  [19]. 

161  3.  Results  and  discussion 

162  3.1.  Production  of  LAC  enriched  bio-oils 

163  Our  aim  was  to  obtain  bio-oils  enriched  in  LAC  which  could  make  easier  and  more  efficient 

164  its  recovery  with  a  grade  of  purity  suitable  for  applications  in  organic  synthesis.  It  was  previously 

165  observed  that  the  weakness  in  its  production  in  less  than  one  gram  scale  lies  in  the  liquid 

166  chromatographic  purification,  especially  working  with  bio-oils  where  it  was  present  in  a  low 

167  amount.  In  particular  silica  gel  resulted  a  harmful  stationary  phase  for  its  acidity,  able  to  downgrade 

168  also  pure  LAC,  whereas  cyano  (CN)  normal  phase  allowed  a  major  recovery.  Otherwise,  reversed 

169  stationary  phase  was  avoided  due  to  the  reactivity  of  water  as  a  component  in  mobile  phase, 

170  because  able  to  hydrolyze  the  lactone  group. 

171  Cellulose  was  subjected  to  pyrolysis  in  the  presence  of  three  catalysts  which  were  previously 

172  reported  giving  the  highest  production  of  LAC:  AlTi  nanopowders  [3],  Sn-MCM-41  [6]  and  MK10 

173  [7],  at  500  °C  and  350  °C.  The  corresponding  LAC  enriched  bio-oils  were  obtained  from  the 

174  original  acetonitrile  solutions  by  further  filtrations  and  evaporation  (Experimental)  able  to  remove 

175  the  most  volatile  compounds.  The  yield  of  the  obtained  residual  bio-oils  resulted  to  be  deeply 

176  affected  by  the  operating  conditions,  mainly  heating-up  speed,  residence  time  in  the  reactor  volume 

177  and  efficiency  in  cooling  of  condensable  products.  At  350°C  the  reaction  afforded  mostly  char  with 

178  only  8M5  wt.%  yield  of  bio-oil,  whereas  at  500°C  it  could  be  obtained  up  to  20-^25  wt.%  yield,  in 

179  accordance  with  reported  data  [20].  In  addition  to  the  temperature  of  the  condensation  apparatus, 

180  the  nitrogen  flow  rate  in  the  reactor  volume  proved  to  be  a  crucial  factor  for  obtaining  pyrolysis  oil: 

181  a  nitrogen  flow  rate  of  25  cm  min'  ,  measured  by  a  Thorpe  flowmeter,  and  a  condenser  cooled  at  - 

182  35  °C  demonstrated  to  best  afford  the  bio-oil  [21].  Our  yields,  resulting  much  lower  than  those 

183  commonly  reported  [3,6,7],  could  be  related  to  the  pyrolysis  apparatus.  In  the  ten  centimeters 

184  stainless  steel  tube  connecting  the  reactor  with  the  condensation  trap,  the  temperature  rapidly 

185  decreased  to  200  °C  causing  the  premature  condensation  of  the  highest  boiling  point  compounds.  In 

186  detail  LG  (b.p.  384  °C/760  minHg)  is  not  present  in  LAC  enriched  bio-oils,  whereas  the  LAC 

187  absence  was  confirmed  in  the  condensed  phases  by  NMR  analysis.  A  further  explanation  for  the 

188  obtained  crude  bio-oil  yields  can  come  from  the  total  absence  of  water  ,  as  discussed  below. 

189  3.2.  Quantitative  NMR  analysis  of  LAC  in  bio-oils 

190  ’HNMR  spectra  for  each  LAC-enriched  bio-oil  were  recorded  in  CDCfi  solution  at  a  dilution 

191  able  to  dissolve  all  the  components  at  a  compatible  concentration  with  NMR  detection  limit.  The 

192  spectra  mostly  differ  for  the  intensity  of  signals  assigned  to  LAC  by  comparison  with  a  pure  sample 

193  and  only  weakly  for  the  presence  of  different  compounds  (Fig.  3).  According  to  the  standard- 

194  addition  method  [22],  two  sufficiently  isolated  and  in  intensity  comparable  signals  were  chosen  in 

195  order  to  establish  the  peak  area  ratio.  The  best  choice  turned  out  to  be  the  doublet  at  4.295  ppm 

196  related  to  the  axial  H-4  in  LAC  [3]  and  the  doublet  at  6.121  ppm  for  the  reference  compound, 

197  corresponding  to  H-3  in  levoglucosenone  (LGO,  Fig.  1). The  spectra  were  then  recorded  for  all  the 

198  investigated  bio-oils  obtained  by  pyrolysis  at  500  °C,  after  a  series  of  additions  of  standard  LAC 
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199  solution.  The  resulting  data  allowed  to  draw  a  graph  reporting  the  relative  peak  areas  versus  molar 

200  LAC  concentration  (Fig.  4). 

201  [Insert  here  Fig.  3] 

202  [Insert  here  Fig.  4] 

203  The  equation  of  the  obtained  curve  was  established  by  least  square  linear  regression  and  the 

204  relative  LAC  concentration  in  each  bio-oil  sample  was  obtained  by  graphic  extrapolation  (Table  1). 

205  The  data  indicated  that  the  LAC  richest  bio-oil  came  from  Sn-MCM-41  catalyzed  pyrolysis  (27.6 

206  wt.%),  and  that  this  catalytic  efficiency  slightly  decreases  (lower  than  1%)  after  one  regenerative 

207  step.  Montmorillonite  K10  and  aluminum-titanate  catalysts  provided  a  lower  abundance  of  LAC 

208  (17.8  wt.%  and  10.9  wt.%,  respectively)  associated  to  a  higher  complexity  of  the  bio-oil 

209  composition.  It  was  reported  that  for  a  common  quantitative  NMR  method,  accuracy  approaches 

210  2%,  a  value  which  was  observed  only  in  the  data  for  both  Sn-MCM-41  and  recycled  Sn-MCM-41 

211  catalysts.  It  is  due  to  the  parameters  affecting  the  accuracy,  like  the  complexities  of  the  blends  and 

212  of  the  spectral  regions  where  signals  for  both  the  analyte  and  reference  compound  are  taken  into 

213  account  [22]. 

214  [Insert  here  Table  1] 

215  3.3.  Quantitative  FT-IR  analysis  of  LAC  in  bio-oils 

216  Based  on  a  recent  report  on  FT-IR  quantitative  method  for  carbonyl  compounds  in  bio-oils 

217  [1 1],  a  new  procedure  was  planned  to  quantify  the  hydroxylactone  LAC  in  bio-oils.  The  procedure 

218  included  the  acquisition  of  IR  spectra  for  bio-oil  solution  in  isopropanol,  by  using  a  CaFi  liquid 

219  cell,  which  affords  an  overall  analysis  window  between  2850  cm  1  and  1470  cm'1.  This  range  is 

220  ideal  for  the  detection  of  carbonyl  compounds  and  carboxylic  acid  derivatives  (1870M570  cm"1), 

221  enclosing  LAC  molecule.  The  LAC  enriched  bio-oil  obtained  in  our  treatment  could  contain 

222  selective  carbonyl  compounds  according  to  their  melting  points.  Levoglucosenone  (LGO),  5- 

223  (hydroxymethyl)-2-furaldehyde  (HMF)  and  2-furaldehyde  (furfural,  FF)  are  the  most  predictable  by 

224  literature  [3,  6,  7],  as  confirmed  by  experimental  NMR  data.  In  Fig. 5  their  minimal  contribution  to 

225  LAC  absorption  is  shown. 

226  [Insert  here  Fig.  5] 

227  The  choice  of  isopropanol  as  the  solvent  is  based  on  its  advantages,  including  a  high  enough 

228  boiling  point  and  the  ability  of  dissolving  very  viscous  samples  [11].  A  preliminary  analysis  on  a 

229  pure  LAC  solution  in  isopropanol  showed  a  strong  absorption  band  at  1747  cm  1  attributable  to  the 

230  C=0  stretching,  which  resulted  very  similar  to  the  value  obtained  in  methanol  solution  at  similar 

231  concentration  (1747  cm"1).  For  this  latter  solvent,  DFT  calculation  using  the  polarizable  continuum 

232  model  was  possible,  providing  the  theoretical  IR  spectrum  of  LAC  which  allowed  to  assign  the 

233  vibration  at  1749  cm"1  to  the  lactone  group.  These  data  suggest  that  the  absorption  wavenumber 

234  value  is  not  affected  by  the  kind  of  alcohol  solvent,  as  expected  for  the  involvement  of  similar 

235  intermolecular  interactions. 

236  A  calibration  curve  was  obtained  acquiring  the  FT-IR  spectra  for  LAC  isopropanol  solutions 

237  at  different  concentrations  and  plotting  the  absorption/molar  concentration  graph  (Fig.  6). 
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238  FT-IR  spectra  recorded  for  isopropanol  solutions  of  LAC  enriched  bio-oil  samples,  obtained 

239  from  pyrolysis  carried  out  by  changing  both  the  catalyst  and  temperature,  present  a  complex  profile 

240  in  the  window  of  interest  (Fig.  7).  However  the  LAC  absorption  band  at  1747  cm'1  is  quite  clearly 

241  detectable  allowing  a  direct  evaluation  of  its  intensity.  The  obtained  calibration  curve  slope  enabled 

242  to  detennine  the  LAC  concentration  in  each  enriched  bio-oil  sample. 

243  [insert  here  Fig.  6] 

244  [insert  here  Fig.  7] 

245  The  results  adequately  agree  with  the  ones  given  by  the  quantitative  NMR  analysis,  with  a 

246  smooth  overrating  in  FT-IR  method  on  average  1  wt.%  LAC  abundance.  This  agreement  also 

247  indicated  a  neglectable  contribution  to  LAC  absorption  by  the  presence  of  carbonyl  products. 

248  Additional  quantification  of  LAC  from  cellulose  pyrolysis  at  350  °C  was  also  evaluated 

249  (Table  2).  The  obtained  results  confirmed  the  best  efficiency  of  Sn-MCM-41  catalyst  also  after 

250  recycling,  although  with  a  small  decrease  at  350°C,  while  MK10  and  AlTi  nanopowders  proved  to 

251  better  work  at  lower  temperature.  The  comparison  of  the  data  acquired  by  NMR  and  FT-IR 

252  quantitative  analyses  showed  values  within  a  1%  deviation  for  LAC  quantification  in  the  bio-oil 

253  samples  under  investigation.  In  addition  this  result  indicated  that  there  are  no  significant 

254  contributions  of  carbonyl  products  to  the  IR  absorption  of  LAC. 

255  By  this  validation  of  FT-IR  method,  it  resulted  as  a  fast  and  efficient  tool  able  to  follow  also 

256  bio-oil  degradation  in  the  course  of  time,  being  its  storage  a  discussed  question  [23].  In  detail  we 

257  used  the  FT-IR  method  for  monitoring  LAC  degradation,  the  abundance  of  which  was  observed  to 

258  rapidly  decrease  at  room  temperature  in  any  solvent,  until  disappearing  after  about  20  days  for  each 

259  investigated  bio-oil  sample.  This  decrement  proved  to  proceed  more  slowly  at  -20  °C  in  different 

260  organic  solvents,  with  an  evaluated  10M2  wt.%  decrease  in  30  days.  It  was  established  that  the  best 

261  condition  to  store  bio-oil  samples  in  order  to  preserve  LAC  abundance,  was  in  dichloromethane 

262  solution  at  -80  °C. 

263  [Insert  here  Table  2] 

264  3.4.  Evaluation  of  water  presence  in  bio-oils 

265  It  was  reported  that  the  absorption  of  water  in  the  IR  region,  typical  of  oxygen-containing 

266  functional  groups,  must  be  taken  into  account.  In  particular  the  presence  of  the  broad  band  at  1650 

267  cm'1,  due  to  its  scissoring  vibration,  can  positively  contribute  to  the  intensity  of  other  peaks  [24]. 

268  Therefore  this  contribution  has  been  evaluated  for  the  different  bio-oil  samples  under  investigation. 

269  In  Fig.  8  the  IR  absorptions  for  the  isopropanol  solution  of  the  LAC-enriched  bio-oil,  from 

270  pyrolysis  catalyzed  by  recycled  Sn-MCM-41,  has  been  correlated  to  both  the  absorptions  of 

271  solutions  in  the  same  solvent  of  both  pure  LAC  and  water  in  different  concentrations.  It  was 

272  evident  that  water  contribution  to  the  intensity  of  the  band  assigned  to  C=0  lactone  group  in  LAC 

273  structure  is  negligible.  In  addition  it  makes  the  FT-IR  method  adaptable  also  for  bio-oil  containing 

274  water  up  to  40  wt.%.  A  more  tightening  evaluation  came  from  'HNMR  analysis,  where  we  did  not 

275  see  the  water  typical  broad  signal  at  1.59  ppm  that  was  not  present  in  the  LAC-enriched  bio-oils 

276  spectra.  It  was  so  possible  to  establish  the  absence  of  water,  attributable  to  the  adopted  work  up. 

277  Otherwise,  water  is  commonly  present  in  a  generic  crude  bio-oil  because  normally  produced 
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278  through  dehydration  reaction  happening  during  pyrolysis,  up  to  25  wt.%  as  confirmed  just  by 

279  1 HNMR  spectroscopy  in  comparison  with  Karl  Fischer  titration  [25], 

280  [Insert  here  Fig.  8] 

281  3.5.  Comparative  production  of  LAC  from  cellulose 

282  By  the  evaluation  of  LAC  yields  from  pyrolysis  using  different  catalysts  and  temperature, 

283  the  data  reported  in  Table  3  point  out  to  :  i)  a  7.6  wt.%  in  the  presence  of  1:1  mass  ratio  of  Sn- 

284  MCM-41/  cellulose  at  500  °C,  to  be  compared  with  a  5.2-N5.9  wt.%  yield  reported  at  the  same 

285  temperature  by  Torri  et  al.[6],  which  ii)  slightly  lowers  by  using  the  recycled  catalyst;  iii)  a  7.3 

286  wt.%  in  the  presence  of  1 : 1  mass  ratio  of  MK10/  cellulose  at  500  °C,  to  be  compared  with  a  1 .6^2.7 

287  wt.%  yield  obtained  at  the  450  °C  by  Rutkowski  [7],  and  iv)a  2.4  wt.%  by  treating  AlTi 

288  nanopowders/  cellulose  in  1:3  mass  ratio  at  350  °C,  to  be  compared  with  the  value  of  6.0  wt.% 

289  reported  by  Fabbri  at  the  same  temperature  [3].  In  every  way,  the  isolation  of  pure  LAC  resulted  an 

290  easier  and  more  efficient  procedure  by  using  the  configuration  reactor  and  the  workup  for  the  LAC 

291  enriched  bio-oils  here  reported.  The  procedure  implying  the  use  of  Sn-MCM-41  at  500°C  emerged 

292  as  the  method  producing  the  highest  yields  of  LAC  from  cellulose,  but  the  method  of  choice 

293  appears  the  one  based  on  MK10,  which  is  industrially  available  in  large  amounts  at  a  low  cost,  eco- 

294  friendly,  and  regenerable.  In  this  case  the  yield  of  LAC  is  acceptable,  moreover  the  obtained  bio- 

295  oils  do  not  contain  water  and  are  produced  in  all  the  catalytic  cellulose  pyrolysis  here  reported  in 

296  reduced  amounts,  making  easier  the  purification  of  LAC.  In  detail,  the  bio-oils  were  produced  from 

297  cellulose  with  yields  in  the  range  23-^27  wt.%  at  500  °C  and  15M8  wt.%  at  350  °C,  in  line  with  a 

298  known  reduced  bio-oil  amount  from  lower  temperature  processes  [1]. 

299  [Insert  here  Table  3] 

300  4.  Conclusions 

301  With  the  aim  of  obtaining  pure  LAC  by  an  efficient  procedure  for  its  application  in  organic 

302  synthesis,  an  upgraded  method  for  the  production  of  this  hydroxylactone  has  been  selected  carrying 

303  out  a  cellulose  pyrolysis  at  500  °C  and  350  °C,  in  the  presence  of  different  catalyst  (Sn-MCM-41 

304  before  and  after  regeneration,  montmorillonite  K10  and  AlTi  nanopowder)  by  using  a  suitable 

305  reactor  and  bio-oil  workup. 

306  The  obtained  LAC  enriched  bio-oils  were  analyzed  in  CDCf  solutions  by  a  quantitative 

307  1  HNMR  method  using  the  standard-addition  of  pure  LAC.  This  was  used  to  validate  a  quantitative 

308  FT-IR  procedure  for  isopropanol  solutions  of  bio-oils,  based  on  the  intensity  of  C=0  lactone 

309  absorption  band,  which  were  not  affected  by  the  contribution  of  water  presence.  It  proved  to  be  a 

310  less  time  consuming  and  wieldier  procedure,  able  to  quantify  LAC  amount  in  bio-oils  without  the 

311  need  to  evaluate  the  areas  by  a  deconvolution  process.  Based  on  the  amounts  of  LAC  in  bio-oil 

312  samples  evaluated  by  these  spectroscopic  methods  and  its  corresponding  production  from  cellulose, 

313  Sn-MCM-41  resulted  the  most  efficient  catalyst  even  after  a  regenerative  process,  although 

314  montmorillonite  K10  emerged  as  the  system  of  choice,  due  to  its  reported  advantages  like 

315  environmental  compatibility,  low  cost,  and  ability  to  be  regenerated. 

316 

317 
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381  Captions  to  figures 

382  Fig.  1.  Molecular  structures  of  the  main  chiral  anhydrosugars  produced  by  a  pyrolysis  process. 

383  Levoglucosan  (LG),  ascopyrone  (AP),  1,6-anhydro-P-D-glucofuranose  (GFA),  2,3-anhydro-d- 

384  mannosan  (AM),  dianhydro-P-D-glucopyranose  (DGP),  (lR,5S)-l-hydroxy-3,6-dioxabicyclo[3.2.1] 

385  octan-2-one  (LAC)  and  levoglucosenone  (LGO).  Numbering  on  LAC  structure  are  for  convenience. 

386 

387  Fig.  2.  Pyrolysis  reactor  consisting  in  a  quartz  phial  (1)  fixed  on  a  stainless  steel  flange  in  which 

388  two  stainless  steel  pipes  connect  the  reactor  toward  the  flange,  respectively  to  the  nitrogen  line  (2) 

389  and  to  the  condensation  apparatus  (3).  The  sample  is  loaded  through  a  third  steel  tube  (4)  into  the 

390  reaction  volume  by  a  porcelain  combustion  boat  (5)  and  the  temperature  is  provided  by  a  tubular 

391  furnace  (6). 

392 

393  Fig.  3.  NMR  spectra  of  enriched  bio-oil  samples  obtained  by  using  catalysts  Sn-MCM-41, 

394  regenerated  Sn-MCM-41,  montmorillonite  K10  (MK10)  and  aluminum-titanate  (AlTi) 

395  nanopowders,  by  cellulose  pyrolysis  at  500  °C.  The  two  dotted  lines  highlight  the  LAC  (d,  4.295 

396  ppm,H-4ax)  and  LGO  (d,  6.121ppm,  H-3)  signals. 

397 

398  Fig.  4.  Quantitative  analysis  by  NMR  standard-addition  method.  The  curves  of  the  four  enriched 

399  bio-oils  were  drawn  by  adding  subsequent  rates  of  LAC  standard  solution  in  CDCfi  and  measuring 

400  the  peak  area  of  the  LAC  signal  (4.295  ppm)  normalized  on  the  LGO  signal.  The  initial  molar 

401  concentration  of  LAC  in  each  bio-oil  solution  in  CDCI3  was  obtained  by  extrapolation. 

402  Fig.  5.  Carbonyl  region  in  FT-IR  spectra  for  isopropanol  solutions  of  pure  LAC,  levoglucosenone 

403  (LGO),  5-(hydroxymethyl)-2-furaldehyde  (HMF)  and  2-furaldehyde  (FF). 

404 

405  Fig.  6.  Calibration  curve  for  LAC  quantification,  obtained  from  FT-IR  spectra  of  LAC  solutions  in 

406  isopropanol  at  concentrations  in  the  range  2M04  mM  (corresponding  to  0.38M5.00  mg  mL'1). 

407 

408  Fig.  7.  Carbonyl  region  in  FT-IR  spectra  of  the  enriched  bio-oils  (25  mgmL'1  isopropanol  solutions) 

409  obtained  at  500  °C  in  different  catalytic  conditions:  Sn-MCM-41,  regenerated  Sn-MCM-41, 

410  montmorillonite  K10  (MK10)  and  aluminium  titanate  (AlTi)  nanopowders. 

411 

412  Fig.  8.  FT-IR  spectra  of  isopropanol  solutions  of  pure  LAC,  enriched  bio-oil  obtained  at  500  °C  in 

413  the  presence  of  regenerated  Sn-MCM-41  and  water  in  different  concentrations. 

414 
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414  Highlights 

415 

416  -  A  selective  production  of  LAC  was  upgraded  by  fast  pyrolysis  of  cellulose. 

417  -  Pyrolysis  at  two  temperatures,  three  catalysts  and  one  regenerated  was  performed. 

418  -  LAC  was  quantified  in  bio-oils  by  a  'H-NMR  standard-addition  method. 

419  -  A  fast  quantitative  IR  evaluation  of  LAC  in  bio-oil  solutions  was  also  validated. 

420 

421 


Page  12  of  23 


Table  1 


Table  1 

LAC  concentration  in  bio-oils  produced  by  pyrolysis  at 
500  °C  evaluated  by  quantitative  *HNMR  method 


Catalyst 

LAC  in 

bio-oil  (wt.%) 

Sn-MCM-41 

27.6  +  0.4 

Recycled  Sn-MCM-41 

26.8  +  0.5 

MK10 

17.8  +  0.9 

AlTi 

10.9  +  0.5 
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Table  2 


Table  2 

LAC  concentration  in  bio-oils  produced  by  pyrolysis  at  the 


reported  temperature  evaluated  by  quantitative  FT-IR  method 


Catalyst 

LAC  in  bio-oil  (wt.%) 

at  500°C  at  350°C 

Sn-MCM-41 

28.1+0.3 

27.0+0.3 

RecycledSn-MCM-41 

27.3+0.3 

25.4+0.3 

MK10 

18.6+0.2 

24.1+0.3 

AlTi 

11.5+0.1 

15.8+0.2 

Page  14  of  23 


Table  3 


Table  3 

Comparative  production  of  LAC  by  cellulose  pyrolysis  under  different 
conditions,  as  established  by  quantitative  FT-IR  method 


Catalyst  Yield  of  LAC  (wt.  %) 


at  350°C  at  500°C 


Sn-MCM-41 

4.9 

7.6 

Recycled  Sn-MCM-41 

4.3 

7.3 

MK10 

4.6 

4.8 

AlTi 

2.4 

2.6 
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